A Bruker IFS-120HR Fourier transform spectrometer located at the Pacific Northwest National Laboratory (PNNL) in Richland, Washington was used to record a series of spectra of pure H 2 O and air-broadened , respectively. A multispectrum nonlinear least squares fitting technique was employed to fit all the eighteen spectra simultaneously to retrieve 313 accurate line positions, 315 intensities, 229 Lorentz air-broadened half-width and 213 air-shift coefficients and their temperature dependences (136 for air-broadened width and 128 for air-shift coefficients, respectively). Room temperature self-broadened half-width coefficients for 209 transitions and self-shift coefficients for 106 transitions were also measured. Line mixing coefficients were experimentally determined for isolated sets of 10 transition pairs for H 2 O-air and 8 transition pairs for H 2 O-H 2 O using the offdiagonal relaxation matrix element formalism, and 85 quadratic speed dependence parameters were measured. Modified Complex Robert-Bonamy (MCRB) calculations of self-, and air-broadened (from N 2 -and O 2 -broadening) half-width and air-shift coefficients, and temperature dependence exponents of air-broadened half-width coefficients are made. The measurements and calculations are compared with each other and with similar parameters reported in the literature.
Introduction
Accurate knowledge of spectroscopic line parameters for all atmospheric molecules, particularly for water vapor transitions is not only of great importance but also crucial for reliable remote sensing applications for Earth's and other planetary atmospheres (e.g., Mars), exoplanets, comets, brown dwarfs and stellar atmospheres, e.g. [1] [2] [3] [4] [5] [6] . H 2 O is one of the most important and ubiquitous atmospheric molecules whose line parameters are listed first in well-known spectroscopic databases such as HITRAN and GEISA [1] [2] [3] . Because of its importance in many spectroscopic applications, its spectrum has been the subject of numerous experimental and theoretical investigations (e.g. and each has three fundamental vibrational bands, m 1 , m 2 and m 3 .
However, there are a very large number of overtone, combination, and difference bands arising from these three fundamental vibrations, and the reader may refer to Refs. [1] [2] [3] for a general idea of the enormous number of water vapor transitions and the numerous spectroscopic investigations (e.g., ) performed on the various water vapor bands. In 2004, Barber et al. [6] reported the (then) most complete calculated water vapor line list comprising more than 500 million transitions, and commented that over 90 percent of all known experimental water vapor energy levels (at that time) agreed within 0.3 cm À1 of their calculated values. Line parameter measurements for the fundamental bands, and a number of overtone, combination and difference bands of water vapor using high-resolution instruments have been reported by numerous investigators over the past several decades, and the number of experimental and theoretical studies related to the research available in the literature is huge. Therefore, the references listed in this work are in no way considered exhaustive because only limited studies that are most relevant to the present measurements are cited in this work. At low gas sample pressures, the basic parameters needed to characterize any molecular band transitions are their line positions and line intensities. At higher sample pressures, information on line width and line shift coefficients become important. Depending upon the sample gas mixtures and their temperatures, additional information such as self-broadened and foreign-gas broadened (e. g., air, N 2 , O 2 ) half-width coefficients and the corresponding line shift (pressure-shift) coefficients and their variations as a function of sample gas temperature must be known for proper characterization of any specific band. When spectra are obtained at relatively high resolution and high S/N ratios, depending on the applications that are sought, knowledge of sophisticated and detailed line shape parameters such as the line narrowing (Dicke narrowing), line mixing (first order Rosenkranz approximation or full relaxation matrix element formalism), speed dependences of Lorentz broadening and pressure-shift coefficients, and their variations with temperature also become important, and are required for applications such as accurate remote sensing measurements.
Different analysis techniques are employed by various investigators to retrieve the spectroscopic information from the recorded spectra. In some studies, line parameters are determined by analyzing small spectral intervals (micro-windows) involving lineby-line and spectrum-by-spectrum fittings in all of the recorded spectra followed by computing the average of many such measurement results; while in other studies larger spectral intervals (extending from a few to several tens of cm À1 wide) from a number of spectra are simultaneously fitted to obtain a unique and selfconsistent set of line parameters. In other instances, the entire molecular band could be fitted all at once for several spectra obtained at various experimental conditions of temperature and pressure, simultaneously. From the analysis point of view, some spectrum fitting software could provide an extensive error analysis of the retrieved line parameters. When several research groups report measurements of certain specific line parameters (e.g., position, intensity) for a ro-vibrational band, comparisons of measurements are expected irrespective of the quality of data to be compared with. In some cases, very good/excellent agreement among different measurement sets is observed and, at other times the agreement with other studies may be found to be poor. It should be noted that in order to compare values among different sets of measurements it is imperative that the quality of data analyzed and the software used to retrieve the data must be similar. It is not always possible to achieve such standardization among different laboratory studies, however, including the present study (PS) with measurements from other laboratories. A literature survey shows that there have been a large number of high-resolution measurements of line shape parameters using different broadening gases for the various water vapor bands employing several measurement techniques (e.g., ). For analyzing remotely sensed terrestrial atmospheric spectra, particularly stratospheric spectra, air-broadened line shape parameters (such as pressure-broadened widths, shifts, and their temperature dependences) are more important and necessary than the selfbroadening parameters. However, because of the roughly five times larger self-broadened half-width coefficients compared to the corresponding air-broadened half-width coefficients, information on self-broadened line shape parameters also becomes important. As pointed out by Brown et al. [36] in the case of methane, which is also true for all other molecules including water, one of the major shortfalls in the knowledge of line parameters is the large uncertainties for the pressure-broadened line shape parameters throughout the databases [1] [2] [3] . It is apparent from the results available for water vapor transitions of the fundamental bands, that the majority of the studies related to line shape parameters for common broadening gases (such as self, air, N 2 , O 2 ) concern mostly the m 2 band. This has been particularly true for the airbroadening measurements until recently. The first (and only) laboratory measurements of line mixing in H 2 O were also carried out in the m 2 band [19] . The major objectives of the present study therefore, were to measure air-broadened half-widths, pressure-shifts and their temperature dependences, and to determine line mixing parameters where possible, for transitions in the m 1 and m 3 bands.
In this study, we report measurements of line positions, intensities, air-broadened half-width and pressure-shift coefficients and their temperature dependences for the strong transitions in the m 1 and m 3 bands of H 2 16 O in the 3645-3980 cm À1 range.
Room-temperature measurements of self-width and self-shift coefficients were also obtained for a number of strong transitions. When the present study was just completed and the manuscript was in preparation, new results of self-broadened [26] and, airand self-broadened line shape parameters were reported [27, 28] . The measurements by Ptashnik et al. [26] on self-broadening were published in late 2016. The recent results of Loos et al. [27, 28] include more transitions than the present results because of the larger absorption path lengths available in Refs. [27, 28] . The present results are compared and contrasted with those listed in Refs. [27, 28] along with some other measurements from Refs. [15, 26] . A list of all measured line parameters along with the calculated values using the Modified Complex Robert-Bonamy (MCRB) formalism will be provided as a Supplemental file available in the online version of this article.
Experimental details
The Bruker IFS-120HR Fourier transform spectrometer (FTS) at the Pacific Northwest National Laboratory (PNNL) located in Richland, Washington was used to record the spectra for the present analysis. Two absorption cells with path lengths of 9.906(1) and 19 .95(1) cm were used to contain the gas samples. A total of eighteen spectra (seven pure H 2 O and eleven air-broadened H 2 O) were recorded at temperatures T = 268, 296 and 353 K. Sixteen of those spectra were obtained at 0.008 cm À1 resolution using the 19.95 cm cell, while the remaining two pure H 2 O spectra were recorded at 0.006 cm À1 resolution using the 9.906 cm path cell. Both of these specially built absorption cells were made of stainless steel, electroplated and gold-coated to minimize decomposition and sticking of the gas samples and, to minimize reactivity when using corrosive gases such as HCN. Both cells have an inner diameter of 5 cm. The two cells are coolable to $215 K and can also be heated to 373 K. For the present measurements, the entire spectrometer bench and the sample compartment were kept under vacuum (below 0.03 Torr) using a mechanical vacuum pump. A ½ 00 diameter copper tube, positioned horizontally, ran the length of the moving mirror compartment, and both ends of the tube came out of the spectrometer through vacuum feed-through fittings. The ends of the tube were bent so they were vertical. This tube was kept filled with liquid nitrogen for the duration of each measurement. Two molecular sieve sorption traps were connected to the sample and detector vacuum chambers, and these traps were cooled to liquid nitrogen temperature during the duration of each measurement. The spectra using the 9.906 cm and the 19.95 cm cells were obtained during two different experimental setups which were several months apart, and slightly different spectral resolutions were used in acquiring the data. In each experimental setup, the absorption cell was mounted inside the sample compartment of the spectrometer to avoid errors associated with beam steering due to cell misalignment. A temperature-regulated water jacket surrounds this inner tube and is plumbed through the spectrometer's vacuum bulkhead to a circulating water bath (Julabo F25-MD). The cell is actively temperature stabilized by either heating or cooling the circulating fluid, which consists of a weak solution of propylene glycol in water. A single RTD sensor was used to monitor the temperature of the sample cell and hence the gas mixtures. The cell is connected to the sample manifold via a valve located inside the spectrometer to minimize dead volume. This valve in turn is plumbed through the spectrometer's vacuum bulkhead to a manifold, which has numerous valved ports for pumping and sample introduction. Three precision Baratrons (MKS-690A) with full range pressure measurements of 0-1, 0-10 and 0-1000 Torr and accuracies of ±0.05% of the pressure reading are coupled to the manifold through short sections of tubing. Pressures in the sample cells were measured using the one of the three manometers that gave the most accurate reading for the sample pressure range. A diffusion pump is used to evacuate the manifold and the gas cell. Sample fillings and nitrogen backfilling of the sample are automated by computer control of the manifold and associated valving.
The 19.95 cm cell was fitted with 2-in diameter wedged KCl windows sealed against the cell using Viton O-rings. The shorter 9.906 cm long cell used wedged BaF 2 windows also sealed to the ends of the cell with Viton O-rings. Although a number of higher pressure and heated self-broadened H 2 O spectra were recorded using this cell, those spectra were not included in the present analysis. Hence it was not possible to extract information of temperature dependences of self-broadened line shape parameters from the dataset used in this study. The gas sample temperatures are known to ±0.02 K or better in both experiments. Spectra were recorded using a CaF 2 beam splitter and an InSb detector. Digital filters set for the spectral region of interest were used to minimize the size of the interferograms. For each background or sample spectrum recorded, either 128, 256, 384 or 512 single-sided interferograms were co-added. For Fourier transform conversion, a Mertz-phase correction, 1 cm À1 phase resolution, zero-filling factor of 2, and box car apodization were applied to the averaged interferograms. The signal-to-noise ratios of the recorded spectra were >1500, dependent on the number of co-added scans. Additional details of the experimental setup with the 19.95 cm cell are available in Refs. [37, 38] . Appropriate precautions were taken to condition the absorption cells for the pure water vapor and H 2 O-air gas mixtures to attain equilibrium pressure and temperature conditions before the data recordings were started. Water samples were purified before introducing into the absorption cell to remove impurities such as air and CO 2 . With the 19.95 cm cell, for each air-broadened spectrum the H 2 O was introduced into the cell first, followed by the research grade synthetic air. After recording each spectrum, the cell and connecting tubing to the manifold were thoroughly pumped down, backfilled with dry nitrogen gas and pumped again before a new sample was introduced into the absorption cell. The selfbroadened H 2 O spectra with the 19.95 cm cell were recorded the day after all of the air-broadened spectra were completed, allowing the cell to pump down overnight between the two series, and the self-broadened H 2 O spectra with the 9.906 cm cell were recorded several months later, using similar filling and pumping procedures. In the recorded spectra, no CO 2 lines were observed (in the 3500-3750 cm À1 region). The wavenumber range of all spectra was limited to 2950-4947 cm À1 .
Since our main goal was to examine temperature dependences of line widths and shifts (and possibly detect line mixing) for the strongest transitions in the m 1 and m 3 bands, the optical density of spectra used in the present dataset was not high; thus, the absorption features corresponding to high-J transitions were weak, and only a very few 2m 2 lines were measured in this work. Several background empty-cell spectra were recorded in order to compute ratio spectra which were used in the analysis. Calibration of wavelength scales of the spectra was achieved using the accurate positions of the CO 2 0 lines [39] . Although wedged windows were used in the absorption cells, channel spectra were still present in the recorded spectra. Two channel spectra were observed in the two low-pressure pure water vapor data recorded with the shorter cell, while three channel spectra appeared in the 19.95 cm data. The amplitude and phase of these channelings changed slightly with wavenumber while the periods of the channel spectra were nearly the same. As a result, small residual channelings were present even in the ratio spectra. The channel spectra were more prominent in the lowpressure pure H 2 O spectra and were minimal in the airbroadened spectra. The amplitudes of the residual channelings were between ±0.002 and they did not appear to affect the 100% absorption level.
Sample spectra
Compressed plots of a few spectra analyzed in this study are illustrated in Fig. 1 where laboratory absorption spectra of one pure H 2 O (top panel a) at 296 K, and three air-broadened H 2 O spectra recorded at 296 K, 268 K and 353 K are shown in panels (b)-(d), respectively. The 19.95 cm cell was used for obtaining these spectra and the resolution of the spectra was set to 0.008 cm
À1
. On the 0 ? 1 range chosen for the y-axis scale in Fig. 1 , no channeling is apparent in the pure sample spectrum. Brief experimental conditions of the spectra are given in the appropriate figure legends and more details are listed in Table 1 .
Examples of channel spectra (3717-3729 cm
) observed in two low-pressure pure water vapor spectra recorded with the 19.95 cm cell (see Table 1 ) are displayed in Fig. 2 . Two to three channel spectra (depending upon the absorption path lengths) were observed and fitted satisfactorily (during the analysis) in the appropriate spectra by proper choice of each channel spectrum's amplitude, period and phase. In panels (a) and (c) the two observed low-pressure pure water vapor spectra exhibiting channelings and in (b) and (d) the corresponding weighted fit residuals (observed minus calculated) with channel spectra mostly removed from the data, are displayed. The amplitude and period of the three channel spectra seen in Fig. 2(a) and (c) were 0.00168, 0.00154 and À0.00126 and, 1.195, 0.560 and 0.576 cm
, respectively for the spectrum in (a) and the corresponding values for the spectrum in (c) were 0.00175, À0.00168 and À0.00118 and, 1.198, 0.560, and 0.577 cm
, respectively. These channel spectra were mostly eliminated in the fitted ratio spectra as seen in the small uniform residuals plotted in panels (b) and (d). To see details of these channelings, the vertical axes in (a) and (c) are expanded to show only the top 5% of the spectra. The residuals plotted in panels (b) and (d) result from fitting all 18 spectra (Table 1) simultaneously. The characteristics (amplitude, period and phases) of these channel spectra varied slightly with wavenumber and required solving for their values in each fitted region.
Multispectrum fitting

General description of spectrum fittings
The first step prior to starting the multispectrum fitting was to calibrate the wavelength scales of all the spectra such that the line positions in each spectrum to be fitted are aligned properly. This process was achieved using the accurate positions of the 2 0 band lines of CO [39] . A multispectrum nonlinear least squares fitting technique [40, 41] was employed to fit all 18 spectra (Table 1) simultaneously. The entire spectral region, extending from 3645 to 3980 cm À1 , was covered (except for the short spectral region from 3659 to 3667 cm À1 where no major absorption features were observed) by fitting 19 intervals, each ranging between 12 and 24 cm À1 wide. The initial line list used for the least squares fittings was taken from the HITRAN2012 database [2] . Since purified (removing contaminants such as trapped air/CO 2 ) water vapor samples of natural abundance were used in the experiments, the distribution of the various isotopologue abundances listed in the HITRAN database was used. All spectral lines listed in the HITRAN2012 database were selected with no intensity cutoff to be included in the least squares solution.
The multispectrum analysis was applied interactively. Since no pure water vapor spectra other than at room temperature were recorded, it was not possible to determine accurately the temperature dependences of self-width and self-shift coefficients. Hence the temperature dependences of self-width and self-shift coefficients were fixed to nominal default values of 0.65 and 0.0 cm
, respectively. The self-width coefficients for weak lines that could not be measured reliably were fixed to the HITRAN2012 values while the self-shift coefficients were fixed to À0.005 cm À1 atm À1 at 296 K, close to the mean value observed for stronger lines in this spectral region. Similarly, for the weak transitions, airbroadened half-width coefficients, their temperature dependence exponents and air-shift coefficients were fixed to values listed in the HITRAN2012 database. For medium-strength transitions where air-shift coefficients could be measured but not their temperature [42] . A quadratic speed dependence parameter for Lorentz broadened half-width coefficients (a value common for both selfand air-broadening in the present study) was measured where appropriate.
A sample multispectrum fit of all eighteen spectra is displayed in Fig. 3 . The set consists of seven pure and eleven air-broadened water vapor spectra between 3830 and 3847 cm
À1
. The 18 experimental spectra fitted simultaneously are overlaid and plotted vs. wavenumber (cm À1 ) in (a) and the corresponding weighted (observed minus calculated) fit residuals are shown as a function of wavenumber (cm
) of the fitted region in panels (b)-(e) for selected spectra grouped together based on their temperature ranges. Although plotted in different panels, the fit residuals in each panel were from the same multispectrum fit. These residuals demonstrate that each of the 18 spectra are fitted to the noise levels of the spectra. Spectra were given weights based upon the quality of each spectrum, a maximum weight of one was assigned to the best spectrum or several spectra of similar high quality. Different colors are used to distinguish the various sets of residuals plotted and the colors of each group of residuals correspond to those in panel (a). The solid horizontal line plotted along the peaks of absorption features in (a) represents the 100% absorption level. The short black lines at the top of panel (a) correspond to positions of lines included in the multispectrum fit. Experimental conditions of all spectra are available in Table 1 . There are 170 transitions included in this fitted interval. A Voigt line shape profile with a quadratic speed dependence of Lorentz broadening was employed. In panel (f) the residuals from all spectra with speed dependence removed from the fit are shown which clearly indicate the need to include speed dependence in the solution.
Line parameters and number of measurements
Since the optical densities of the fitted spectra were relatively small, especially for the pure H 2 O spectra, the majority of the transitions measured were from the m 3 band while a smaller number of transitions from the weaker m 1 band were observed and measurements were made. A few weak transitions of the 2m 2 and m 2 + m 3 À m 2 bands were observed in the fitted regions, but due to their weakness, the accuracies in their measured positions and intensities were poor. Line shape parameters could be obtained for only one transition for the 2m 2 and none for the m 2 + m 3 À m 2 band.
The types of line parameters and numbers of measurements made for the each type are listed in Table 2 . The first and the third columns list the spectral line parameters while the numbers of measured parameters are listed under the second and the fourth columns. Line intensities of 315 transitions in the whole fitted region were measured, but the line positions were measured for 313 lines because a few lines were either very weak or blended, and the individual positions could not be measured well. It is clear from this table that more parameter measurements were obtained for the air-broadening than for self-broadening. The number of half-widths and pressure-shift coefficients for which temperature dependences were measured is less than the corresponding number of room-temperature measurements. In cases where two components of a collision-mixed transition pair were involved in line mixing, some of their line shape parameters, such as widths, shifts and temperature dependence exponents, were constrained to be the same for both line-mixed components. A quadratic speed dependence (S d ) parameter [43] was included for the majority of the strong transitions; for weak transitions, the speed dependence was fixed to a default value of 0.1 based upon similar measurements on the recent studies of CO 2 -broadened HDO transitions (e.g., [44] [45] [46] ). As in our previous studies [44] [45] [46] , for doublet transitions whose positions were separated by small amounts, auxiliary parameters were applied to constrain the separation between the lines and their relative intensities. More details on measurements of various parameters will be provided in the following sections. 
Positions and intensities
We have compared the line positions and intensities from the present measurements with an earlier but extensive set of results by Zou and Varanasi [15] and with the recent results of Ptashnik et al. [26] and Loos et al. [27, 28] . Among all of the measurements thus far published, those by Zou and Varanasi and by Loos et al. are the most extensive, providing results for a larger spectral range than the present study. Details of these comparisons will be provided in Section 6 of this paper.
Line shape parameters and their temperature dependences
Fitting the experimental spectra (Table 1) simultaneously by applying multispectrum analysis software [40, 41] , we were able to retrieve an accurate and self-consistent set of line parameters especially for the air-and self-broadened half-widths and pressure-shift coefficients for the strong water vapor transitions in the 3645-3980 cm À1 region. We measured the temperature dependence exponents for air-broadening and temperature dependence coefficients for air-induced pressure-shifts for the strong transitions in the m 3 band and for a smaller number of transitions in the m 1 band. The relationships of these parameters are given in
Examples of channel spectra observed in two low-pressure pure water vapor spectra. 2-3 channel spectra (depending upon absorption path lengths) were observed and fitted in each spectrum by proper choice of each channel spectrum's amplitude, period and phase. Panels (a) and (c) show the two experimental low pressure pure H 2 O spectra (see Table 1 ) while panels (b) and (d) display the corresponding weighted observed minus calculated fit residuals after considering the channel spectra in the least squares analysis. Further details are given in the text. Only the top 5% of the spectra are shown here to illustrate some details of the channel spectra.
The quantities b Table 2 . No temperature dependences were determined for self-broadened half-width or self-shift coefficients. The linear expression given by Eq. (3) was used to model the temperature dependences of pressure-shift coefficients.
Even though line parameters were measured for over 300 individual transitions (Table 2) in the 3645-3980 cm À1 region, it was not possible to measure all nine line parameters (position, intensity, air-width and air-shift coefficients and their temperature dependences, self-width and self-shift coefficients at 296 K and, speed dependence) for each measured transition. As listed in Table 2 , the number of transitions for which parameters other than positions and intensities could be measured was limited by the weakness of the transitions and the limited optical densities of spectra available in this study. The eighty-two transitions, for which all nine parameters were measured, are listed in Table 3 for convenient comparison with results in Refs. [15, [26] [27] [28] while all transitions for which at least one parameter value was retrieved in the multispectrum fits are listed in the Supplemental file available online. Table 3 Line intensities, pressure-broadened halfwidth and pressure-shift coefficients, and speed dependence correspond to T = 296 K. The uncertainties reported in the various columns correspond to 1-sigma internal statistical errors obtained from the least squares fits. The two-row format used for the line shape parameters for each transition provides air-broadening parameters in the top row of each cell and self-broadening parameters in the bottom row. As noted in Table 3 , only roomtemperature values for self-width and self-shift coefficients are measured. The speed dependence parameter and its percent uncertainty listed under the last two columns show that only a single value common for both air-and self-broadened half-width coefficient has been retrieved from the present analysis. It was noted earlier that for all transitions (measured and unmeasured) default values of 0.65 and 0.0 cm À1 atm À1 K À1 were applied for the temperature dependences of self-width coefficients (n 2 ) and of selfshift coefficients (d 0 self ), respectively.
Off-diagonal relaxation matrix element coefficients
In order to fit all spectra to their noise levels, it was necessary to include collisional line mixing for certain transition pairs, as observed from the fit residuals. In the present study we applied the formalism of Levy et al. [42] using the off-diagonal relaxation matrix element coefficients to include line mixing. Prior to this study, collisional line mixing in pressure-broadened water vapor transitions was first reported by Brown et al. [19] who measured room temperature line mixing for two pairs of H 2 O transitions, one pair each in the P and R branch, for self-broadening and six other perturbers (foreign-broadening gases) (H 2 , He, CO 2 , air, N 2 and O 2 ) in the m 2 band. Recently, line mixing via off-diagonal relaxation matrix element coefficients were reported for several transition pairs in the m 2 , m 1 , and the m 3 bands of HDO broadened by CO 2 [44] [45] [46] , and Rosenkranz line mixing parameters [47] were reported for air-and self-broadened H 2 O transitions in the 1850-4000 cm À1 region [27, 28] , including temperature-dependence of the Rosenkranz line mixing for six air-broadened transitions [27] over the range 250-300 K. Details of the equations used for retrieving the off-diagonal relaxation matrix element coefficients are given in Refs. [19, 48] and therefore will not be repeated here.
Because the air-broadened spectra analyzed in this study were recorded at different temperatures (T = 268, 296 and 353 K), variation of the relaxation matrix element coefficients with temperature was examined. No theoretical calculations of off-diagonal relaxation matrix element coefficients and their temperature dependences have been reported thus far for any water vapor transitions. However, a number of theoretical studies on pressure-broadened half-widths and line-shift coefficients for different water isotopologues involving various broadening gases have been published [29] [30] [31] [32] [33] [34] [35] , including a few studies involving the temperature dependences of half-width and line-shift coefficients for the rotational transitions [35] . In the absence of any theoretical studies published on the temperature dependence of line mixing parameters (off-diagonal relaxation matrix elements) for any water vapor transitions, we have assumed the same power law expression, given by Eq. (1), used for the half-width coefficients, to be applicable for the temperature dependence of line mixing coefficients as well. However, we were unable to determine any reliable values for the temperature dependence exponents for the measured H 2 O-air or H 2 O-H 2 O collisional line mixing coefficients. We have therefore fixed the temperature dependence Fig. 4 . To show details, a shorter segment (3851-3857 cm À1 ) from a wider fit interval (3847-3867 cm
À1
) of all 18 spectra is plotted in the top panel (a). The weighted residuals resulting from the multispectrum fit with a Voigt line shape profile including line mixing (off-diagonal relaxation matrix element coefficients) and quadratic speed dependence parameter are plotted in the middle panel (b). In the bottom panel (c), the residuals from the same fit without taking into account the line mixing (but including speed dependence) are shown (see Tables 1 and 4 for details). The dotted horizontal line at the bottom of (a) represents the fully absorbing level (0% transmission level) and the short vertical lines at the top of (a) correspond to positions of absorption lines included in the fitted interval. There are 230 water vapor lines included in this spectral interval. Line mixing occurring between the pairs of transitions marked 1 and 4, 3 and 5, 3 and 4, and 4 and 5 was measured; mixing parameters for H 2 O-air collisions were determined for three of these sets, and mixing parameters for H 2 O-H 2 O collisions were determined for two sets (both mixing coefficients were not measured for all four mixed sets). As noted above, temperature dependence exponents of the collisional line mixing coefficients were fixed to a default value of 0.7 for all four pairs of lines shown in the figure.
In the present study (PS), line mixing via off-diagonal relaxation matrix element coefficients, W ij (cm À1 atm À1 at 296 K), were mea- , respectively), even though the two line positions and intensities were separately determined, their air widths, air-shifts and the temperature dependences were constrained to be identical. For such close transitions, auxiliary parameters and constraints were setup such that the line separation between the two components and their intensity ratio could either be fixed to theoretical values (if the separation is too small) or adjusted in the fits, if needed, to minimize the residuals. This flexibility will allow the line separation and intensity ratio to remain close to theoretical values so that realistic values of line shape parameters can be determined. Similarly, if the two components in a line-mixed set are well separated, such that the two positions and two intensities could be determined accurately 
À0.03868(317)
The uncertainties listed under the various columns correspond to one sigma internal statistical uncertainty obtained from the least-squares fits. In the two row format, the numbers in the top row in each cell correspond to airbroadening of H 2 O, and the bottom numbers correspond to self-broadening of H 2 O.
For all transitions, the temperature dependences of self-broadened half-width coefficients (n 2 ) and self-shift coefficients (d Table 4 . We note that for the 7 3 4 6 3 3 and 7 2 5 6 2 4 transition pair near 3925 cm À1 appearing in the last row of Table 4 , Rosenkranz line mixing parameters were also reported in Table 10 of Ref. [27] . A rough comparison may be made by estimating the ORME from Ref. [27] as the Rozenkranz coefficient times the spacing between the pair of mixed lines (W ij % Y a Â Dm). The off-diagonal relaxation matrix element (ORME) coefficients thus estimated from Ref. [27] are 0.036 and 0.022 cm À1 atm
À1
, while the ORME determined in the present study is 0.017 cm À1 atm À1 .
Speed dependence parameter
A quadratic speed dependence model [43] for the half-width coefficients was applied to describe the Lorentz width as a function of velocity. The expression used to measure the speed dependence parameter is the same as applied in several of our previous studies [44] [45] [46] and hence will not be given here. For transitions for which speed dependence was not measured, the value of the speed dependence parameter was fixed to 0.1 (see the Supplementary file). ) where all 18 spectra (Table 1) were fitted simultaneously is plotted in the top panel (a). The weighted fit residuals (observed minus calculated) resulting from the multispectrum fit with a Voigt line shape profile including line mixing using the off-diagonal relaxation matrix formalism and quadratic speed dependence parameter are plotted in (b). In the bottom panel (c) the residuals from the fit without considering line mixing (but with speed dependence) are shown. See Tables 1 and 4 
Theoretical formalism
The calculations of the line shape parameters, the half-width and line (pressure)-shift coefficients, were made using the complex formalism of Robert and Bonamy [50] as modified by Ma et al. [51] and is labeled as the Modified Complex Robert-Bonamy (MCRB) formulation. The half-width, c, and line shift, d, of a ro-vibrational transition f i are given by real and imaginary parts of the complex valued expression: ). f Temperature dependence exponent of line mixing (unitless) determined to be 0.69 (6) for this air-broadened pair of transitions only. In all other cases the temperature dependence exponent of line mixing was fixed to 0.70.
g Value is constrained in the least squares fit to that listed in the line just above it. where n 2 is the number density of perturbers, v is the velocity, f(v) is the Boltzmann distribution of velocity, h i J 2 is the average over the states of the perturber, and b is the impact parameter. S 1 and S 2 are the first and second order terms in the successive expansion of the Liouville scattering matrix and depend on the intermolecular potential.
The intermolecular potential consists of the electrostatic components (dipole-dipole (H 2 O-H 2 O), dipole-quadrupole and quadrupole-quadrupole), an atom-atom component described by the Lennard-Jones potential [52, 53] , and the induction and London dispersion terms give the isotropic components. In order to employ the atom-atom potential in the formalism, the r ij atom-atom distances must be mapped into the center of mass separation, R, using the expansion of Sack [54] . The expansion is described in terms of the Order and the Rank (' 1 ; ' 2 ) of the Wigner D-matrices for the radiating (labeled 1) and perturbing (labeled 2) molecule. Here, the atom-atom part of the potential was expanded to 20th Order and Rank 4, 4 for the N 2 -and O 2 -broadening calculations and to 8th Order and Rank 2, 2 for the self-broadening calculations. The isotropic part of the atom-atom potential was used in Hamilton's equations of motion to solve for the trajectories of the collision pairs. The calculations included the real and imaginary components for the half-width and line shift coefficients and proper averaging over the velocity, both of which have been shown to be important [22, [55] [56] [57] [58] .
The parameters describing the electrostatic, induction, and London dispersion potentials (dipole moments, quadrupole moments, ionization potentials, etc.) are well known. The Lennard-Jones atom-atom potential is:
where the sum on i and j are over the atoms on the radiating and perturbing molecules. The parameters e ij and r ij are somewhat in question. There are a number of proposed methods to determine heteronuclear atom-atom parameters from homonuclear parameters [53, [59] [60] [61] [62] [63] [64] . Using the different combination rules lead to some differences in the derived e ij parameters greater than 1900% with many combinations different by several hundred percent and differences in the derived r ij parameters >35%.
The atom-atom parameters for the H 2 O-N 2 collision system were adjusted previously [65] . For the H 2 O-O 2 collision system, starting atom-atom parameters (pot 0) were determined using the combination rules of Hirschfelder et al. [53] with the homoatomic atom-atom parameters of Bouanich [60] . Initial calculations changing each atom-atom parameter (e HO , e OO , r HO , r OO ,) by 5% were made to see the effect these parameters have on the calculated half-width. Fig. 5 shows the percent difference in the oxygen-broadened half-width versus an energy ordered index for 325 m 2 transitions of water vapor selected from the intercomparison database [31] for changes in the atom-atom parameters. Shown are the percent differences (pot 0-pot i) where i = 1, 4 corresponding to e HO (green points), e OO (red points), r HO (blue points), and r OO (black points). As seen, changes to r OO demonstrate the most structure. Also significant changes in the halfwidth are observed for changes made to r HO , with smaller changes coming from changes to e HO and e OO . Calculations were then made by adjusting the atom-atom parameters and comparing the calculated half-widths with the 325 measured m 2 transitions. In total 12 runs were made. The results from pot 11 gave the best agreement with the measurements. The final atom-atom parameters are e HO = 24.13, e OO = 54.32, r HO = 2.42, and r OO = 3.16, (0%, À5.0%, 15.0%, À4.98% change from pot 0, respectively). These changes in the atom-atom parameters are well within the uncertainty in the combination rule values.
To make the needed calculations, the present measured line list was taken and the rotational transitions for each vibrational band were extracted. The line list has 48,978 transitions broken down into 45 vibrational bands ranging from 1 rotational transition (100 020) to 2551 rotational transitions (010 000). There are too many transitions to make vibrationally dependent calculations for all transitions. The vibrational states were ignored and all unique rotational transitions were extracted for input into the line shape codes. This procedure produced a list of 5677 transitions. The N 2 -and O 2 -broadening data were used to compute airbroadening by the usual formula
at the seven temperatures of the study. With the air-and selfbroadened data the temperature dependence of the half-width coefficient was determined using the power law
In Eq. (9), T ref was taken to be 296 K and the temperature range of the fit was the 5 values from 200 to 350 K to be appropriate to Earth's atmosphere. It should be noted that a number of the calculated temperature exponents, n, are negative. Negative temperature dependence exponents were predicted theoretically by Hartmann et al. [66] and confirmed by theory [20] and experiment [20, 21] by others. Here, these transitions correspond to the oblate limit (K a $ 0); however looking at the fits to the data using Eq. (9) it is apparent that the power law does not work well for these transitions. Fig. 5A gives an example of the calculation of the temperaturedependence of the air-broadened half-width coefficient for a single transition in the m 3 band, where the ''data points" here are calculated values based on Eq. (8), and the n exponent corresponds to the slope of the line best fit to these points.
Results
Lorentz air-broadened half-width and temperature dependence exponent
The measured air-broadened half-width coefficients (converted to room temperature values of T = 296 K) for the H 2 O transitions in the m 1 , m 3 and 2m 2 bands are plotted as a function of J max + 0.1 ⁄ (J max À K max ) in Fig. 6 (a) (J max and K max refer to the larger of the two J and K a quantum numbers of the upper and lower rotational states of each transition involved). Different font symbols and colors are chosen to distinguish the data points for the three bands.
Most of the measurements were made for the m 3 band, and, while a few air-width coefficients were measured for the m 1 band, only a single air-broadened half-width coefficient was measured in the weak 2m 2 band. Consistent with previous measurements and calculations , Fig. 6(a) , illustrates that the air-broadened H 2 O halfwidth coefficients for the same K max value generally decrease with increasing J max . For a fixed J max value, the air-broadened half width increases with K max to a local maximum, and then decreases with increasing K max . For J max = 1-8, air-width coefficients were measured for all possible K max values (up to K max = J max ), but for higher J max values air-widths were obtained for a smaller range of K max . Similar trends are seen in Fig. 6(b) where the temperature dependence exponents of air-broadened half-width coefficients (n 1 ) vs. J max + 0.1 ⁄ (J max À K max ) are shown. Because of the weakness of the single 2m 2 transition, although its room temperature halfwidth coefficient was measured, it was not possible to retrieve a reliable temperature dependence exponent and hence its value was fixed to that in HITRAN2012 [2] . The measured air-width coefficients range approximately between 0.02 and 0.11 cm À1 atm À1 at 296 K, and the temperature dependence exponents of airbroadened half-width coefficients vary between 0.1 and $1.0. Uncertainties associated with the measurements are plotted in the figure, and where error bars are not visible, their values are smaller than the size of the symbols used.
Air-shift coefficients and their temperature dependence
The variations of the measured air-shift coefficients and their temperature dependences are shown in Fig. 7 . In the top panel shown as a function of J max + 0.1 ⁄ (J max À K max ). Because the 2m 2 transitions were weak in our spectra, although the air-shift coefficient was measured for one transition, no temperature dependence of the air-shift coefficient could be determined. The measurements plotted in (a) indicate that the air-shift coefficients become more negative as J increases and, the trend seen in (b) shows that temperature dependences of the measured air-shift coefficients have smaller (and some negative) values for low J, and they become larger and more positive with increasing J. In panels (a) and (b), the horizontal dashed line corresponds to zero air-shift coefficient and zero temperature dependence of air-shift coefficient, respectively. Similar to Fig. 6 , different symbols and colors are used in Fig. 7 to distinguish transitions from the various bands. The majority of the measured air-shift coefficients vary from nearly +0.005 to À0.013 cm À1 atm À1 at 296 K and the temperature dependence coefficients of air-shifts vary nearly in the À2 Â 10 À5 to +5 Â 10 À5 cm À1 atm À1 K À1 range, respectively. Uncertainties associated with the measurements are plotted and where error bars are not visible, their values are smaller than the size of the plot symbols used.
Self-width and self-shift coefficients
Since no spectra of pure water vapor at higher temperatures were included in the present analysis, only room-temperature values for the self-width and self-shift coefficients could be obtained. Self-width and self-shift coefficients were measured for 209 and 106 transitions, respectively (see Table 2 ). The measured selfwidth coefficients in the m 1 , m 3 and 2m 2 bands plotted as a function of J max + 0.1 ⁄ (J max À K max ) are displayed in Fig. 8(a) . The measured self-shift coefficients in the m 1 and m 3 bands plotted as a function of Fig. 8(b) . No self-shift coefficient was measured for the weak transition in the 2m 2 band. It is seen in (a) that, as for the air-widths, the self-width coefficients generally decrease with increasing J max . However, the magnitudes of the self-widths are much larger; the self-width coefficient values range from 0.15 to more than 0.6 cm À1 atm À1 at 296 K, while the largest measured air-width is $0.11 cm À1 atm À1 at 296 K. The self-shift coefficients plotted in (b) show variations with K and J quantum numbers that are somewhat different from those for air-shifts of the same transitions (see Fig. 7 ), and the magnitudes of the self-shifts are larger than those observed for air-shifts. The measured self-shift coefficients have both positive and negative values varying between +0.05 cm À1 atm À1 and À0.06 cm À1 atm À1 at 296 K.
Comparison of measured and calculated line parameters
In this section, comparisons of the present measured line parameters are made first with measurements reported in the literature. Among the large number of measurements that are available for the various bands of H 2 O, only a few are directly comparable with the present study of air-and self-broadened line shapes in the m 1 , m 3 and 2m 2 bands. Most other H 2 O studies available in the literature were related to different spectral regions, different perturbing gases (such as O 2 , N 2 , and H 2 ), made only very few measurements, or used different types of recording instruments (e.g., diode laser spectrometer system) in obtaining the data. Our comparisons are therefore limited to results from three similar experimental studies (where spectra were obtained using high-resolution FTS) even though different experimental and analysis procedures were followed in each study and some of the many line parameters measured in each study varied from the present work [15, [26] [27] [28] . We also compare our results and those of Refs. [15, [26] [27] [28] with values reported in the HITRAN2012 database [2] , which in the m 1 and m 3 region are largely the results of Ref. [4] . Finally, the measured values from PS are compared to present study MCRB calculated values.
Comparison of line positions and intensities
In Fig. 9(a) and (b) , comparisons of line positions and intensities between present measurements, measurements from Refs. [15, [26] [27] [28] , and the initial input values from HITRAN2012 database [2] , respectively. The number of reported line positions compared to present measurements is different in each of the four cases. While all the 313 line positions measured in the present study are compared with HITRAN2012 [2] , the comparisons with the other laboratory studies [15, [26] [27] [28] are limited to the 82 m 3 transitions reported in Table 3 for which the present study measured the full set of nine spectroscopic parameters; this means that the PS had 76 transitions in common with Zou and Varanasi [15] , 61 with Ptashnik et al. [26] , and 82 with Loos et al. [27, 28] . Even if we limit the J values up to 11 (see Fig. 9(a) ), the largest scatter is observed between PS and HITRAN2012 [2] Overall, all position differences (except for HITRAN2012) agree to within ±0.0001 cm
À1
. The large scatter in position differences seen between PS and HITRAN2012 compared to other studies is attributed to comparisons with all measured lines (strong and weak) with HITRAN versus only the strong lines compared in other studies. We note that some of the HITRAN2012 line positions, particularly for transitions at higher rotational quantum numbers, may be calculated rather than measured values (see Fig. 2 of Ref. [2] ).
The comparisons shown in Fig. 9(b) indicate that the closest agreement of line intensities is between the PS and Zou and Varanasi [15] with a mean and standard deviation of (PS/Zou and Varanasi = 0.98 ± 0.06). The means and standard deviations of the other three intensity ratios; (PS/HITRAN2012), (PS/Ptashnik et al.) and (PS/Loos et al.) are 0.92 ± 0.13, 0.90 ± 0.03 and 0.92 ± 0.01, respectively, indicating our present intensities are lower by 8-10%. There are no plausible explanations for us to offer for these rather large systematic differences between present measurements and those in Refs. [26, 27] except for the fact that there are several differences among the individual experimental setups concerning sample gas containment, type of spectra (e.g., only H 2 O, H 2 O + air or both) analyzed, whether the spectra were taken only at room temperature [15] or at different temperatures, and which spectral line parameters were measured in the analyses and how the analyses were performed. Larger absorption path lengths available in Ref. [26, 27] allowed those authors to measure positions and intensities for a much larger number of transitions compared to the PS, while in Refs. [15, 26] , the absorption path lengths used for self-broadened spectra in the 2.7 mm region were shorter than those used in the PS. ) from PS and Loos et al. [27] are plotted vs. J max + 0.1 * (J max À K max ). There are no temperature dependences of air-shift coefficients reported by Zou and Varanasi [15] available for comparison. In both panels uncertainties of the measured values are represented by error bars of the same color as the symbol; where error bars are not visible they are smaller than the symbol size. Fig. 12 . Comparison of self-broadened half-width and self-shift coefficients from PS and HITRAN2012 [2] , Zou and Varanasi [15] , Ptashnik et al. [26] , and Loos et al. [28] for transitions in the m 1 
Comparison of air-width coefficients and their temperature dependence exponents
Comparisons of present measured air-broadened half-width coefficients and their temperature dependence exponents with HITRAN2012 [2] , Zou and Varanasi [15] , and Loos et al. [27] as a function of J max + 0.1 ⁄ (J max À K max ) are plotted in Fig. 10(a) values were not taken into consideration in making these plots. As discussed in Section 2.1.5 of Ref. [2] , the set of HITRAN2012 airbroadened half width coefficients contains both measured and calculated values.
The ratios of the temperature dependence exponents for the air width coefficients vs. J max + 0.1 ⁄ (J max À K max ) are plotted in Fig. 10 (b). As in Fig. 10 dependence exponents reported in Ref. [15] . As in Fig. 10(a) uncertainties corresponding to the error codes for the HITRAN2012 values are not considered in the present plots.
Comparison of air-shift coefficients and their temperature dependences
Comparisons of air-shift coefficients d 0 and the temperature dependence of air-shift coefficients d 0 for the m 3 transitions of H 2 O are plotted in Fig. 11 . In the top panel (a), the experimentally-determined air-shift coefficients from the PS, the Zou and Varanasi [15] , and the Loos et al. [27] studies are plotted vs. J max + 0.1 ⁄ (J max À K max ). The air-shift coefficients become more negative with increasing J and the shift coefficients vary approximately between +0.005 and À0.018 cm À1 atm À1 at 296 K. Because of the smaller magnitude of the air-shift coefficients compared to air-width coefficients, we have plotted and overlaid the measured air-shift coefficients rather than ratios or differences between the air-shift coefficients measured for the same transitions. In Fig. 11 (b), similarly the experimentally-determined temperature dependences of air-shift coefficients (in cm À1 atm À1 K À1 ) from the PS and Loos et al. [27] are plotted as a function of J max + 0.1 ⁄ (J max -À K max ). Temperature dependences of air-shifts were not reported by Zou and Varanasi [15] . In both panels (a) and (b) measurement uncertainties are represented by error bars, and where no error bars are visible, the measured uncertainties are smaller than the size of the symbols used. For the air-shift coefficients, the uncertainties in all three sets of measurements are small. It is clearly seen from Fig. 11 (a) and (b) that as the air-shift coefficients change sign from positive to negative and become more negative with increasing J, their temperature dependence coefficients become more positive with increasing J, and the small negative values seen for some low-J transitions are not present at higher J values.
Comparison of self-width and self-shift coefficients
Self-broadened half-width coefficients from four separate measurements and self-shift coefficients from three different experiments are compared in Fig. 12 . Although several other experimental measurements of self-width and self-shift coefficients have been reported in the literature (e.g., Refs. [7, 10] ), there are not many measurements outside of Refs. [15, 26, 28] The measured self-shift coefficients from PS, Zou and Varanasi, and Loos et al. with the corresponding uncertainties as a function of J max + 0.1 ⁄ (J max À K max ) are plotted in Fig. 12(b) . The self-shift coefficients in general range within ±0.07 cm À1 atm À1 at 296 K and similar variations with J max and K max are seen in all three sets of measurements. No self-shift coefficients were reported by Ptashnik et al. or in HITRAN2012. Where no error bars are visible, the uncertainties are smaller than the symbol size used. The horizontal dashed line corresponds to zero shift coefficients.
The measured values and the MCRB calculated values (both from PS) for the air-broadened half-width and pressure shift coefficients, temperature dependence exponents of air-broadened half-width coefficients and, the room-temperature selfbroadened half-width and self-shift coefficients are plotted in Figs. 13 and 14, All parameters are plotted versus J max + 0.1 ⁄ (J max -À K max ). It is apparent in the figures that the measured and calculated line shape parameters are in very good agreement for J max 8, but the differences are larger for higher values of J max (see, for example, Fig. 14(c) ).
Uncertainties in the measured parameters
It is important to know how these uncertainties vary in the Lorentz half-width and pressure shift coefficients at the reference temperature, T 0 = 296 K. However, it is equally if not more important to know how these uncertainties propagate to the temperature and volume mixing ratio conditions in spectral simulations. As pointed out in our earlier study of the temperature dependence of air-broadened line shape parameters in CO 2 [67] and the recent measurements of HDO-CO 2 line shape parameters [44] , when one uses a half-width coefficient determined at 296 K and its temperature dependence exponent (if not determined from the same study) from a different source such as HITRAN [1, 2] , it is generally assumed that the half-width coefficients at 296 K are the best determined values and the uncertainty in the temperature dependence of the half-width coefficient (n) increases the uncertainty in the half-width coefficient as the temperature gets farther from 296 K. It has been shown [67] that, for each line, the experimental values of the two half-width and the two pressure-shift parameters (at two temperatures) are highly correlated and the uncertainties as a function of temperature are quite different (e.g., see Figs. 7 and 8 in [67] and Figs. 12 and 13 in [44] ). It was discussed [44, 67] that because of the large number of spectra included in the least squares solution, the uncertainties in the retrieved parameters are very small and there are various other problems associated with the fits that dominate the actual uncertainties. These include uncertainties in the measurement of gas conditions (pressure, temperature and volume mixing ratios etc.), uncertainties in the spectral line shapes assumed in the measurements, and modeling of the spectral line parameters used. In particular there was no effort made in the PS to model separately the speed dependences of self-and foreign-gas broadening and pressure shift or the temperature dependence of the speed dependence. Each of these parameters may have only a small effect upon the overall solution. While the speed dependence model applied in the PS represents all temperatures, the model is unlikely to hold rigorously for all collisional speeds. Although we were aware of these effects, our fitting software did not include some of these finer details and we did not observe any fit residuals above the noise levels of the individual spectra in the final multispectrum fittings. These considerations have to be kept in mind while the absolute errors in our present measurements are discussed below.
In the PS, by fitting all experimental spectra obtained with two different absorption cells and sample gases of different pressures and volume mixing ratios at various temperatures simultaneously, the uncertainties due to random errors in the various retrieved parameters are minimized as illustrated in several figures (e.g., Figs. 3 and 4) . The absorption path lengths of the two cells are known to 0.01% while the sample pressures and temperatures are determined to ±0.05% and ±0.2 K, respectively. Effects due to instrumental line shape distortion and residual phase errors were taken into consideration during the fitting process. Correlation coefficients between fitted parameters were internally computed in the multispectrum fitting software while uncertainties are calculated in the retrieved parameters. For example, correlation of each measured line position with every other adjusted parameters such as all other spectral line parameters, zero level, phase error, background polynomial fit coefficients and, a file of correlation matrix coefficients are constructed and available for each fitted interval. Without providing the correlation matrices for each of the fitted parameters, it is not possible to explain all of these details discussed above to compute the total uncertainties in each measured parameter. Prior calibration of wavelength scales of all spectra before starting the multispectrum fittings ensures the best and consistent results in the measurements of line positions and pressure-shift coefficients. Values listed in Table 3 and the comparisons made with all four other experimental measurements [2, 15, 26, 27] in Fig. 9 suggest that for the best measured line positions, especially for the m 3 band, the accuracy of the PS is thought to be of the order of ±0.0001 cm À1 . The results given in Table 3 also suggest that the intensities of strong transitions for the m 3 band are determined with very high precision in the PS on the order of 0.01-0.05%. Even if one assumes a 100 times the statistical measurement uncertainty, the absolute errors in the PS intensities should be well within 1-5%. However, comparisons with the calculated values [2] as well as two of the three experimental measurements [26, 27] in Fig. 9 (b) indicate that our intensities are lower by 8-10% than those values, while the measurements by Zou and Varanasi [15] show fairly good agreement (98 ± 0.08%). The PS Lorentz air-and self-broadened half-width and the pressure-shift coefficients are estimated to be accurate to ±1 and ±5%, respectively, Absolute accuracies in the measured temperature dependences of air-shift coefficients, off-diagonal relaxation matrix element coefficients and speed dependence parameters are difficult to assess but are estimated conservatively to be within 5-15% depending upon the J, K quanta of the individual transitions. It is useful here to briefly discuss the similarities and differences in the experimental procedures and analyses techniques used in the PS, Zou and Varanasi [15] , Ptashnik et al. [26] and Loos et al. [27, 28] experiments since our present measurements have been compared to these. Zou and Varanasi [15] obtained their data in the 3000-4050 cm À1 region using a Bruker IFS-125HR FTS and spectra were obtained at three temperatures, T = 252, 273 and 296 K with absorption path lengths of 2.15 and 9.28 cm. Known amounts of sample mixtures were introduced and sealed within the gas cells. Self-broadened spectra were recorded only at T = 296 K. For airbroadening measurements, groups of spectra recorded at each of the three temperatures were fitted simultaneously using a Voigt line shape profile and later the various results were combined to obtain the air-and self-broadening and pressure-shift coefficients and their temperature dependences. The retrieved parameters included line positions, intensities, and Lorentz broadening coefficients but no other parameters (such as line mixing or speed dependence) were reported. Ptashnik et al. [26] obtained their experimental spectra in the 3440-3970 cm À1 region using a Bruker IFS-120HR FTS that was upgraded to Bruker IFS-125HR FTS. A specially built short absorption cell of 4.78 mm long was employed to record two room temperature spectra at 294 K and the cell was filled with water vapor to desired pressures and allowed several hours (12 h) to reach equilibrium conditions before starting the data acquisition. Short spectral segments from both spectra were fitted individually using a Voigt line shape model along with collisional narrowing parameter applied in the analysis. Line positions, intensities, self-broadened half-width and Dicke narrowing parameters were retrieved for each fitted line. No other line parameters (such as the self-shift coefficients, temperature dependences of self-width and self-shift coefficients, line mixing, speed dependence) were reported. Loos et al. [27, 28] reported their results in two separate publications; line positions, intensities and selfbroadened line shapes in Ref. [28] , and measurements of airbroadened line shape parameters in Ref. [27] . Their experimental set up consisted of a high resolution Bruker IFS-125HR FTS, and a large number of spectra were recorded at different spectral resolutions. Two absorption cells (one variable-path) that were cooled to 213 K and heated to 353 K were employed to obtain the spectra at absorption path lengths from 0.249 to 168.21 m. A large number of pure and air-broadened spectra were obtained at three different temperatures. The measurements in [27, 28] were made using a constant flow of H 2 O/air mixtures through the cells unlike the other three experiments (including the PS) where sample mixtures were introduced into the gas absorption cells and sealed. Automated software chose the various micro-windows (extending from 0.25 to 0.75 cm
À1
) to be fitted and spectra were fitted interactively. The retrieved line parameters included positions, intensities, airand self-broadened half-width coefficients along with corresponding speed dependence parameters, collisional narrowing parameters, self-and air-shift coefficients, temperature dependences of pressure broadening and pressure shift coefficients, line mixing using the first order Rosenkranz approximation and their temperature dependence, when applicable. Different steps were used to measure all parameters and extensive error analyses of the various parameters were discussed. In the PS, although measurements were obtained using shorter cells than in Refs. [27, 28] , all spectra recorded at various experimental conditions were fitted simultaneously in much larger spectral intervals, thus providing a single consistent set of results for all measured parameters.
Summary, conclusions, and future studies
The present study involved simultaneous analysis of 18 highresolution (0.006 and 0.008 cm À1 ), high signal-to-noise ratio (>1500:1) Fourier transform spectra of pure and air-broadened H 2 16 O in the 3645-3980 cm À1 spectral region. The spectra were recorded at the Pacific Northwest National Laboratory (PNNL) in Richland, Washington using two absorption cells that are both coolable as well as heatable with path lengths of 9.906 (1) were for the stronger transitions in the m 3 band. In addition, we also measured room-temperature self-width and self-shift coefficients for nearly the same number of transitions as for room temperature air-width and air-shift coefficients. For the analysis, a non-Voigt line shape profile was employed by including speed dependence and collisional line mixing via off-diagonal relaxation matrix elements, when appropriate. Line positions and line intensities were measured for over 300 transitions, and the full set of line shape parameters was measured for 92 of these transitions. Line mixing parameters were determined for 12 pairs of transitions in the m 3 band. The measured line shape parameters compare well with other recent measurements of similar nature [15, [26] [27] [28] as well as with values available in the HITRAN2012 database [2] . Even though non-Voigt line shapes were applied to the present measurements, future investigations to include improved line shape modifications suggested by Ngo et al. [68, 69] and Tran et al. [70, 71] could be undertaken. Additional modifications including separate speed dependence and temperature dependences of speed dependence for the broadening and pressure-shift coefficients as suggested in several recent studies should be examined. Similarly, the speed dependence of the parameter and its relationship to its temperature dependence should be addressed separately in both the self-and foreign-gas broadened measurements. The implementation of these new line parameters could not be achieved in the present study because of the limitation in our fitting software. It should, however, be noted that there were no residuals beyond the noise level of our spectra in our multispectrum fittings to improve the solution other than the fact that one could employ more sophisticated line shape functions. Tran et al. [22] discussed the effects of velocity on the shapes of six R(J) transitions of the m 3 band water vapor broadened with N 2 . The authors demonstrated that using the Voigt profile alone could not provide satisfactory results even though at higher pressures Dicke narrowing and Doppler effects were negligible. In their study [22] , the authors used velocity-dependent broadening and shift coefficients and concluded that all profiles, regardless of pressures and of the transition can be correctly modeled using a single set of memory parameters. For more details, the reader is directed to the original article [22] . We would like to point out that residuals consistent with collisional narrowing (Dicke narrowing) were observed in our low pressure spectra, but when high pressure spectra were added to the solution, we were not able to retrieve reliable values for both collisional narrowing and speed dependence parameters. We found that speed dependence parameters were more significant when high-pressure, high S/N ratio spectra were included in the simultaneous fits.
In addition to the measurements in the present study, line shape parameters for transitions in the fitted interval (3645-3975 cm
À1
) have been calculated using the modified complex Robert-Bonamy formalism (MCRB). Line positions and intensities in the MCRB list were taken from HITRAN2012. The measured values for self-and air-broadened widths, air-shifts, and the temperature-dependences of the air-widths compare very well with our present MCRB calculations, with the best agreement obtained for transitions with J max 8.
